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What is seen as a smooth surface is, on the microsceric level, rough 
and irreguier, Two contacting siurfeces ere in contact only at the peaks 
of their surface asperities, The friction foree between the two surfaces 
is thought of as that ferce nrising from the shear strength of the randomly 
located islends of contact. It is seen thet if a thin file of a soft material 
is deposited on a hard substrate, the friction force will be amall. 


In this investigcstion a t'in film of necprene was deposited on an 
ennulus maciiined on ome face of an aluminum disk. This annulua was then 
pressed against a roughened glasa surface an) roteted concentrically in 
@ plane parellel to the glass. Retation was accomplished br applying a 
tangential weight te the disk which was subjected to « fixed normal load, 
The speed of rotation was varied by varying the tangential load, and the 
frietion test was carried out in an atacaphere o° dry air, the temperature 
of which could be varied, The coefficient of friction was calculated from 
the definition 


From this data curves of the logarithm of velocity ageinst coefficient of 
friction for ecnstant tenreratures were plotted. This led te ercss curves 
of in ¥ ageinst temrereture. 


On the basis of the experimental curves it is preposed that the steady 
relative motion between the two surfaces ean be approximated by the Boltmann- 
Einstein equation. As the neoprene moves over the glass surface, the islands 
of the neoprene tend to remain in contact with the glass, This causes a 
local shear stress to be set up in the neoprene in the vicinity of seach 
island, When the shear stress reaches a particular value the island breaks 
contact with the glass and ascumes an unstressed positicn. The sum of all 
the randomly leeated sifins regults in the steady motion of the neoprene 
over the glass. 








aM Mel 
a : 






alepemtal eittvedinl Yo amit OttT Yo ake ly 
¥ 
Pea? Texod 2 JD .doeenteetd js 46 semet 











bond strengths of the neoprene, one of which i 
The action of beth bond strengths 

temperate to Se parabolic in share, while 
alone giver the curve a linear shepe 


: 
et 





oe 


Thesis Superviser: Brandon G, Richtutre 


Title: Associate Professor of 
Mechanical Engineering 


75/9 
ay 


: 


Tt 








Cambridge, Massachusetts 
May 24, 1954 


Professor L. F. Hamilton 
Secretary of the Faculty 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 


Dear Sir: 

In accordance with the requirements for 
the degree of Naval Engineer I submit herewith a 
thesis entitled "Friction of Thin Films of Rubber- 
Like Material," 


Respectfully, 








The author wishes to thank Professor 
B. G. Rightmire for his assistance and 
enéouragement in the preparation of this 
peper, and Mr. Owen F, Hedden, Research 
Assistant, for his valuable aid in ob- 
taining experimental data and interpretation. 


, the ther also wishes to express his 
grateful appreciation to his wife who 
contri buted both moral and material aid 
during the entire preparation of this 


thesis. 





TABLE OF CONTENTS 


Section 


Introduction 
Procedure 
Discussion of Data Obtained 
Diseussion of Results 
Conclusions 
Appendix 
A. Definition of Symbols 
B. Summary of Data 
C. Detaila of Construction of Test Apparatus 


Sa ZO » 


D. Computations 


E. Bibliography 


Page 


16 


30 
31 
33 
36 
39 





S cee ow). 






—— © 
SS eae seed J were 
— 7-7 © Se Ww eee Gimmtens 0 


Sy oF  - rpety 
Do fae Ol se 

oo —— + he whe vee 
= altered 0 


pe tne. adh 
a 


— 



















teaeeea 


Wil 
IX 


xI 
xTI 


(All illustrations were made and reproduced by the author.) 


LIST OF ILLUSTRATIONS 


Graph 
Greph 
Graph 
Greph 
Graph 
Graph 
Graph 
Photograph 
Photograph 
Photograph 
Photograph 
Drawing 
Drawing 


Page 


10 


i2 
13 


15 
27 
28 
29 
29 
37 
38 


RARARACBAteee E 





(,eddue adit yo Geombenqen foe elles et0w ambioenteal it S16) 


At present, we picture two surfaces in contact with each other as being 
in contact at randomly located peaks, What we see macroscopically as smooth 
surfaces are, microscopically, irregular hil: end valley terrain, with contact 
between the surfaces teking place at the peaks. We have vi suelized the 
friction force as being thet foree coming from the shear strength of minute 
local welds at the raniom points of contact, We then heave the relation that 

F:7x &; (1) 
where F is the friction force, 7 is the average shear stress of the welds, 
end s is the total area of contact. (2] To keep the friction foree as small 
as possible, it is obvious thet 7 ani s mst be small, If we choose a 
material of low shear streas, it is usually soft, so that although 7 will 
be emall, a will be lerge. If we choose a hard material, a will be emall 
but > will be large. However, if we deposit a thin film of a soft material 
on a hard substrate, the shear stress involved in the ccntact will be that 
of the soft material, while the normal load will be borne by the substrate. 
In this manner, the friction force will be small, fa] This permits us to 
investigate the surface effecstea of friction to the exclusion of forces 
plastically deforming the subsurface layers of the sliding bodies. 


The frictional forces of thin films of soft metals—lead, indiun, 
ecopper--have been investigated by Bowlen and Tabor, fe] but in the cease of 
dry sliding of metal on metal there is « transfer of metal at the interface 
and formation of loose wear particles, Local plastic deformation of either 
or both of the surfaces extents to a depth which is great in comparison to 


molecular dimensions. By using a highly elastic material—such as rubber— 
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as one of the surfaces we have a mech simpler situation. Most of the 
irreversible effects of sliding contact then occur at the interface. We 

have investigated the mechanism of sliding friction of a thin film of neoprene 
on a glass surface at several different temperatures of the environment in an 
attempt to learn something of the nature of sliding frietion itself, Rubber 
friction has been investigated by Schallamach [8] as to velocity and temperature 


dependence in a similar manner but with equipment of larger scale than ours. 
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In cur equipment, a thin film ef neoprene is pressed against a glass 
plate and rotated concentrically about an axis normal to the plane of contact. 
The neoprene was deposited on an anmlus machined on one face of an alumimm 
disk, The anmlus has a mean dianeter of 0.890 inches, and ie 1/8 inch in 
radial breadth. The disk and anmius are coated with Z-19-K* neoprene which 
was oven cured for two hours at 180°F (See Figures X; XII). The resulting 
film is of the order of 0,005 inches thick, The disk is plaesd on top of 
the flat glass test surface which is clamped rigidly to the test frame, ami the 
neoprene is dressed lightly to produce a uniform surface. The apparent area 
of contact at the interface is 1.07 ex’. 


The norma] load amd the tangential lead—the latter supplying the driving 
torque—are both applied to the disk through a vertical shaft and flexible 
connection. The end of the shaft is pointed and rests in a conical depression 
in the upper face of the disk so as to have point arplication of the normal 
load ag nearly as possible, Three radial arms extend from the shaft end and 
contact vertical pins in the upper face of the disk. In this manner the 
driving force is transmitted from the shaft to ths disk. 


The shaft extends vertically upward through needle bearings mounted in 
a heavy steel bleck, anid at the upper end of the shaft is rigidly attached 
e drum which supports the normal load (See Figures IX; XI), Two light’ 
coords sre wrapped aroun the drum and run off horizontally in opposite 


* Supplied by General Letex and Chemical Company, Cambridge, Massachusetts 
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directions, The cords pass over pulleys, and sim-le weight hangers at the end 
of each cord earry the variable tangential loeds. By applying the load in 
this manner, bending of the vertical shaft is reduced as much as possible. 

On the upper face of the drum are scribed radial lines at intervals of 30°, 
These index lines permit observations of velocity of the rotating assembly 

to be made over any twelfth or multiple of a twelfth revolutien. The disk, 
drum, and shaft are fixed relative to each other. 


The glass surface has been roughened slightly with metallographie 
polishing paper of grade 1, since this condition led to the most reproducible 
results. The flexible connection between the disk ani shaft permits the 


neoprene ring to press as uniformly as possible against the glass. 


The test block can be enclosed so that the friction test can be carried 
out in any desired gaseous atmosphere. To bring the temperature of the 
incoming gas into equilibrium with that of the controlled temperature box, 
the ges passes through a two-foot run of coprer tubing in the box before 
going into the block. This, when coupled with the low flow rate of the gas, 
allows us to say that the temperature of the gas in the immediate vicinity 
ef the rotating disk is very close to that within the box iteelf, The weights 
used for the normal loads have been machined out of brass in the form of 
rings, so that the radial lines of the drum upper face can be viewed with 
the weights in plece. The entire test block ia mounted rigidly to the stage 
ef a low power microscope, and with an ocular micrometer in the eyepiece, 
the velocity of the rotating parts can be computed from the timing of the 


paseage of any two scribe marks. 


a 


tes ait te enegeed Sr iew aloets Bat erpmblany Tere onne ubmes adT .eocidwerth 
ni Beal edé g6tviyge i .ahecl Satdmqamt aloatvey aif einen fms ress to 
aide] os slo te twoaies at Plame Lani2 qe sf} to yrtened ,veanea ohid 
SOR 2D SLowwmirch Ge gamit! detios bodies yee eimb eat Po mewl teqiy add 0 
tinetas portato ett le ¢heeley Yo amdivwrredc they aeatl ween? anedt 
ot ee  eteite dome of aeiteiss beat) @ia Stede los ysarrb 
 oMMgwrpetintes ditty cetplle lesdyec woad aa obitah ntalf off 
eldteutorqes wor wid od fal aotttbnon sidb wombs. etibag Yo Sedily Wedlle stay 
 “aalb “cotereeg sinde Ane! ehh odd deoubel dolibenlcy SERGE af” Atal 
a at enge Sitio pa lati Si WW pure aoa 











fetruwe ed aso teed soigotd? old tedt of beacisne od smo doold Jnot edT 
"add 10 exatineequed ode jutsi Ht  Diadiiulans Uedilag BedS edt a0 
ood ourteregesd Me llorimee «it Yo todd Atte bmtectlinps oft! aay atimoet 
 eated wd okt ml puitdnt seygne to het SSH » dicted bewoiey any Olt 
aay oft Yo wher wolt wel ed Hiitw Wallqnos itu /RUmT | teil act War tiny 
‘qidetoty arathemt o6f 5} sey edt to Wentiieme! @ Fads ee OF by Geol 
edttytov oft Mieadl ~od adb ndvily dead 6d eeuts (ioe b2 date GeLUAN. ad NS 
We erat vet wt aaa Ye sub tevtflbad feed weal elndl Lesion ect s0% heals 
it.br yaweiy «1 eno e9cl wey perth edt to meall iolbat sit dat ca ,apets 
eyade ond of iblgty Ledeen af foals food prlder wf cowl; 1h udiiyde od 
,oekget edt cl sodesrreia wives as o¢b: em .egoseo ele weg wel s to 
“it to gatald eds aext betwgme ac cae adaoq ailiecor old te Giiooley exid 
a ates atime ow pw to sysaeaq 





The microscope assembly has been leveled and mounted in a temperature-— 
controlled box, (see Figures VII;VIII), all of this being located in an 
air-conditioned, vibration-free room. It has been found that atmosphere 
and spurious vibrations heve definite influences on the tests. The temperature 
of the air inside the box is measured with sn ordinary laboratory mereury~ 
type thermeneter, 


All tests have been run with one neoprene-coated ring in an atmosphere 
of dry air with a normal load of 365 grams, The temperature was varied 
frem 22°C to 50°C (72°F to 122°F), and the tangential load varied from 
170 grams to 510 grams. This implies a range of coefficient of friction 
u from 0.502 to 1.505; p being calculated from the definition 


n- (2) 


where F is the tangentisl load applied to the annulus and W is the normal load, 
To obtain the tangential force acting on the annulus, the tangential force 
applied to the drum is multiplied by the ratio of the diameter of the annulus 
to that of the drum, Ths velocity is calcwlated from the measurement of the 
time interval between the passage of two scribe marks across the index of 

the ocular micrometer, 


The dimensions of the drum end the height of the apparatuy dictate the 
amount of rotation possible without having to reset the equipment, We are 
able to get about three and one-half revolutions of the annulus fer full 
travel of the weight hangers. After each run, the disk is removed from the 
test stand and is allowed to remain in the same enviroment, unstressed and 
unloaded, for several minutes. After each day's observations, the annulus 
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has been liberally rinsed in acetone and permitted to dry cvernight. By 
following theese foregoing steps we have been able to cbtain reproducible 
resulta, 
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BISCUSSION QE DATA OBTAINED 


From the data of this investigation—obtained by metaods previously 
described—we were able to calculate the rotational velocity of the annulus. 
It was noted that the velocity was not uniform over one rotation of the disk 
but varied cyclically. Figure I illustrates this for a typical run, The 
radial coordinate is time—the number of seconds required for the disk to 
pass from the previous sector line to the one on which the time is indicated. 
In other words, the radial coordinate is a meagure of the time for the disk 
to pass through 30° of rotation with a given tangential load and normal load 
applied to the anmulus and a constant temperature of the environment. The 
straight lines joining the points have no significance other than to give 
continuity to a succession of individual values of time so that the fluctuations 
may be more readily apparent. It is seen that the velocity quickly reached a 
steady value after the beginning of the observation. Over the rotation of 
the disk there is a "flat spot" in the plot in the vicinity of sector 2, 
indicating a region in which the velocity exceeded the average, This fiat 
spot occured over many runs at the same point, regardless of where the disk 
was started. It was founml to change its lecation, however, when the test 
block was reoriented on the microscope stags. The red circle drawn on the 
plot represents the average tire of 30° of rotation for the entire observation, 
We attempted to have about three revolutions of the disk in each observation, 


and the velocity was determined from the average time of rotation. 


We were able to vary the temperature of the environment from 22°C to 
50°C and Figures II, III, and IV show the results of the observations plotted 
as the logarithm of the average velocity against the coeffieient of friction, 
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FIGURE. I 


POLAR PLOT OF TIME FOR EVERY 30° OF ROTATION 
OF ANNULUS FOR TYPICAL OBSERVATION 


NEOPRENE ON ROUGHENED GLASS 
NORMAL LOAD = 365 GM 


TANGENTIAL LOAD = 230 GM 
hy = 0.68 
TEMPERATURE = 22°C 
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for constant temperatures. Each point represents the average of one full 
observation. It ia to be remembered that the tangential force acting cn the 
ring is adjusted for the difference in mean diameters of the ring and the 
drum, Only one normal loading was used——365 gn. It is seen from Figures 

II and III thet for the low values of , the curve is concave downward— 

the velocity falls off rapidly as j, is decreased. However, for the higher 
values of p, the logarithm of the velocity can be said to be, in the first 
approximation, linear with p. There ie some suggestion of downward concavity 
in this region of the curve, and this has been noted by Schallamach [8], but 
it 1a not clear at this time what the curvature should be; hence, the approx- 
imate straight line, Figure V is a composite plot of the curves of Figures 
II, III, end IV, and it can be seen that the curves of ln V vs. p for 
temperatures in the range of 22°C to 40°C are approximately perallel throughout 
the scope of our observations, When the temperature exceeded 40°C we noted 
irregular response of the equipment—this is to be seen in Figure IV. In 
this temperature range it was difficult to obtain reproducible data because 
no steady velocity could be reached. A straight line is weed as a rough 
estimate of the trend of the meager data we gathered in this range. This 
irregularity of the neoprene seems to be entirely reversible. When the 
temperature was lowered below 40°C, the equipment performed as it did previously. 
No change in the nature or behavior of the neoprene was discernible as a 
result of operations at a temperature above 40°C. 


All observetions have been made with the annulus in an atmosphere of 
dry air. The air, under a pressure of about 2 mm of Hg ever atmospheric 


pressure, is led through a controlled temperature box and into the test block 
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FIGURE IL 


PLOT OF LOG VELOCITY AGAINST COEFFICIENT OF 
FRICTION AT CONSTANT TEMPERATURE 


NEOPRENE ON ROUGHENED GLASS 
NORMAL LOAD = 365 GM 
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FIGURE Zr 


PLOT OF LOG VELOCITY AGAINST COEFFICIENT OF 
FRICTION AT CONSTANT TEMPERATURE 


NEOPRENE ON ROUGHENED GLASS 
NORMAL LOAD = 365 GM 
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FIGURE IZ 


PLOT OF LOG VELOCITY AGAINST COEFFICIENT OF 
FRICTION AT CONSTANT TEMPERATURE 


NEOPRENE ON ROUGHENED GLASS 
NORMAL LOAD = 365 GM 
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FIGURE X 


PLOT OF LOG VELOCITY AGAINST COEFFICIENT OF 
FRICTION AT CONSTANT TEMPERATURE 
COMPOSITE PLOT OF DATA 
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to f111 the environment around the disk, The amount of moisture in the air 
has a definite effect cn the performance of the disk; as the moisture is 
increased, the disk slows down, sometimes even stopring., With the reiatro~ 
duetion ef dry air, the diek will remue ita rotation, 


From the date chotained, 1% was possible to make «& crose-plot—a plot 
of the legarithm of velecity against the temparaturo,. Fer reasons we shall 
eee later, the temperature scale wae plotted as the reciproesl of the absolute 
teaperature, These date are scon in Figure VI. Hach point om this plot 
represents the everage of all cbservations at that teuperature and tangential 
load. It is clear that the points fer constant p, up to a temperature of 
40°C, ean be connected satisfactorily by a straight line, so, the etraight 
lines were passed through the points by matheratieal analysis. The curves 
above 40°C became more horizontal, and in some cases, the data indicated 
a downward trem. However, because of the doubtful nature of the data 
over 40°C, the curves above this can only be considered to be estimetes, 

Tt is te be noted that only one thin film of neeprene was used in all this 
inventigation. There has been no evidence of deterioration or aging of the 
film, no matter what the condition of operation, and there hes been uo 
ebeervable deposit of neoprene on the roughensd glees surface. 
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FIGURE Wr 


PLOT OF LOG VELOCITY AGAINST THE RECIPROCAL OF 
THE ABSOLUTE TEMPERATURE FOR CONSTANT 
COEFFICIENT OF FRICTION 


NEOPRENE ON ROUGHENED GLASS 
NORMAL LOAD = 365 GM 
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OF RESULTS 


From the results obtained (Figure V) we can see that there are two 
distinot regions to the curve of ln V vs. p—for low values of p the curve 
has a steep slope and is concave downward, while for higher values of p 
the curve is linear. From a cross-plot of the data (Figure VI) we see that 
within the temperature range of 22°C to 40°C the relation of ln ¥ to 
temperature is linear, Above this range the curve becomes more horizontal, 
and the linearity no longer holds. With these relationships in mind we 


propose an explanation cf the sliding process, 


We met first know, however, something of the material itself. The 
physical properties of neoprene (pelychloroprene) are very similar to thope 
of rubber, but it is more resistant to hydroearben oils and less subject to 
high-temperature deterioration. Structurally, it consists of a network of 
long-chain molecules coiled upon themselves, The bonds at the molecule 
junctions may be primary cross links of the network or secondary bonds 
between the chain elements. When the neoprene is subjected to local stresses 
the molecules are uncoiled, and this process of uncolling accounts for the 
elastic deformation of the substance. When the stresses are relioved, the 
molecules return to a coiled state, the pesition of which depends on the 


strength of the primary and secondary bonda, 
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Both the glass and neoprene surfaces are, microscopically, very 
irregular, When they are placed together, the contact is not universal over 
the entire surface but is made only at isolated points which we shall call 
"islands of contact." In the words of Bowen [5], contact between the two 
surfaces can be likened to inverting Switzerland on Austria. As the neoprene 
film moves over the glass surface, the islanis tend to remain stationary— 
in contact with the glass—-while the surrounding non-contacting area moves 
with the bulk of the neoprene. This causes an clastic shear strees to be 
get up in the neoprene in the eres around each island, When the shear 
stress reaches a perticular value, %, the island slides back alone the 
glass, anc the neoprene in the vicinity of that island returns to an un- 
stressed position. Referring to the data in Figure VI we see that the 
velocity is dependent on the temperature of the environment of the contacting 
surfaces; sO, we can aay that the shear stress necessary to cause the slip 
of an island ie made up of twe components—one due to the applied tangential 
load and the other due to the thermal vibration of the material, With 
no tangential load the molecules of beth substances arw in vibration due 
to the temperature of the surroundings, but without a preferred direction 
amd without an emplitude of vibration sufficient to break the contact. 
However, when a tangential load is applied, the vibrations are influenced 
to act toward relieving the stress induced by the applied load, and the 
shear stress in each island can reach a value high enough to cause local 
slip. Ths sum of all the randomly cecurring lecal slips over the contacting 


surface results in the steady relative motion of the two surfaces. 
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The shear stress caused by the thermal vibration of the material is 
the difference between the shear stress necessary to cause local slip (7) 
and the lecal shear stress caused by the applied load (7%). The thermal 
vibration energy is one component of the elastic strain energy of the 
glass-neoprene bond in the islands of contact. If we assume the relationship 
between stress and strain to be linear over the range of 7 to % we can write 


. eae! (3) 


A= 26 
where 
A = energy of thermal vibration 


gs = area of the ialand of contact 


~ 
+o 


initial length of participating portion of the molecules 


G = constant of proportionality between stress and strain (shear modulua) 


From the Boltzmann-Einstecin Theorem we can obtain an approximation for 


the steady relative motion between glass and neoprene. 


A 
V=C exp L- | 4) 
where 
V = sliding velocity 


Le) 


: "frequency factor" and is approximately constant 
K = Boltzmann's constant 
T 


absolute temperature 


be 


The frequency factor C can be thought of as being, in the first approximation, 
proportional to the frecuency with which the atomic configuration of an 
island is changing, the number of islendsa in the contacting surfaces, and to 


the relative gross sliding displacement arising from the slip of one island, 
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faking the logarithm of both sides of equation (4) end substituting 
equation (3) we then have 


(72- P) sl 


nV: hC- ae (5) 


When 7, and 7 are of the same order of magnitude, the resultant curve of 
ln ¥ vs 7 is a parabola coneave downward until 7-7 , when it is then 
constent at the value of in C6, 


This is not the complete picture, though, Previous investigators (9] 
have shown thet there are two bond strengths in rubber—ani hence in 
neoprene——one of which is far stronger than the other. This implies two 
activation energies, one of which is very small. We then proposes to say 
that the local shear stress 7 ia of the same order of magnitwie as the 
weak bond strength (7.,) and both are very much smaller than the strong 
bond strength (%,). Following the form ef equation (3) we ean then write 


A = A, + Az (6) 
— Ga - Ms 

A, . 2 Gr (7) 
m F2 (%2-27) HK f, 

A,= 2G, (8) 


where the subscripts 1 refer to the weak bonis and 2 refer to the strong 
bonds, 


With this in wind we substitute equations (7) and (8) into equation 
(4) end proceed to synthesize the curve of 1n V va 7. This construction 
oan be seen in figure V-A, The expression for A, as a function of T is 
a parabolic shape, while for A, it is linear in 7, Subtracting both of 
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these from ln C we get a resultant curve which is concave downward at the 
low values of T, and which changes to a linear relation with a positive 
slepe as Yincreases. This is precisely the form the experimental data 
take in the first approximation. At low values of T, a and A, are of 
the same order of magnitude. Since %o,<“%r., ami T<<%. then 


Sid Saks 
G an | (9) 
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Figure Y-A Synthesis of test Curve 


If we consider only the strong bonds, i.e., the linear portion of the 
in V vs F curve, we can write equation (5) as 


(t62-7)* Sab, 
InV= nC-—S eer (10) 
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We shall assume the tangential force F to be equal tc the product of the 
true area of contact Ss, and the local shear stress 7 so that we can predict 
the theoretical shape of the 1nV vs F curve as being 





OInV _ (62-514 
QF ~  SeG.KT an 


We see that when T 1s very mich smaller than %: the slope is approximately 
constant. Previously, we heve said thet %, was very mech smaller than %1, 
so the term invelving 76, can be neglected safely without interfering 
materially with the explanation of the slopes. 


From equation (10) we can calculate the theoretical elope of the croas- 
plot of the data (Figure VI). This becomes 


Dla _ Gee tt. Sils 


OA) ~ 2G,K (12) 


which is constant for a particular value of T, Thies is what is expected, 
but there is no explanation for the behavior of the curves at temperatures 
above 40°C. It seems very possible thet some reversible chemical change 


takes place in the structure of the neoprene. 


By combining equations (11) and (12) we ean find the ratio 7/y as 


~ahV /a('A) 
j42| sew ror V/3F “invat |* (13) 


From our data we have determined that thig ratio is approximately 35e2 


To find the thermal vibration energy which must be supplied to cause 


the islands te slip within the linear limits of the plots, we must combine 
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equations (3) and (12) which give 


A - dln “8 (+) 4) 
K 


from which we can solve for A. This was found to be 1,68 x 19712 ergs/ieland, 
or, of the order of one selectren volt per islani, 


The totel energy which must be supplied by the applied tangential 
foree and the thermal vibrations is the activation energy, E, and is given by 
-= est (15) 
We can estizate this if, in equaticn (3), we consider TY to be negligibly 
small, We then have 
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we have computed this to be 1.78 x i071 ergs/ieland, The work done by 
the applied tangential force per island is the difference of the quantities 
E and A, 


In order to find the magnitude of Y we mat know something of the 
true area of contact. From our suprosition of the nature of the surfaces 
ani of the contact, it is obvious that the true area cf contact is less than 
the appsrent area, From e paper by Denny [3] we are able to relate the 
ratio of the areag and the ratio of the apparent pressure to the elastic 
modulus of the substance at zero stress ( p/E.,) . From experimental data we 
have found this latter ratio to be about 2,08 x 107°, The work of Danny 
was carried out using golatin, but 1% appears to be reasonable to assume 


that the experimental results for gelatin can be applied to neoprene, 
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We then get the ratio of true area to apparent area to be 0.0375, or a true 
contact area of 0.0402 om’ for our equipment. From this we have determined 
that Yis 7,36 x 10° dynes/om’ . The shear stress necessary to cause slip is, 
from the ratio of % to 7, 2.42 x 10° dynes /en”. We now know the foree 
applied per island and the local shear stress. We have previously assumed 
that the force is proportional to the streas, and so we determine that the 
area per islant is about 6,16 x 107)3 au*, ‘the number of atoms per island 
is ebout 1235, and the energy per atom involved in causing slip becomes 
Rel2 X& 1075 ergs or 3.91 x 107" Keal/mole, This is the bom! strength 

per atom for islands in which all the atoms are participating in the bon), 
However, it is entirely possible that in an island only one atom may be 
responsible for the bond. In such a cage the bond strength is about 

48.2 Keal/mole, which is of the order of known atomic bond strengths. 
(Oxygen-oxygen atom bond is 35 Keal/mole; thet of the carbon-carbon bond 
is 58,8 Keal/mole, ) 


It is now possible to calculate the magnitude of the quantities 
9,1,/G, and 6,1,/0, with the idea of eventually determining each factor. 
From the data on the lineer portion of the eurve we can arrive at a value 
for 8,1,/¢,. For the parabolic section it is necessary to separate the 
curve into its two components. We have used, for analysis, the interpolated 
curve of InV¥ ve p at 282°C, and we have arbitrarily chosen a reference 
point at m = 0,5 from which to make measurements. ‘Subtracting the value 
of in V of the test curve from the value of 1m V for the linear portion 
extended to this value of p will give the value of A,/kT. We have estimated 
that the curve departs from the linear at pp = 0.73, which permits us to 
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determine 7,. From p and the true area of contact, 7 at each point can 
be determined, With equation (7) we can then find the value of s,1,/t,, 
and we see that relation (9) does in fact apply; the factor between the 


two quantities being over 200, 


A summary of our data is contained in Table I. Previously we have 
mentioned that Schallamach carried out a similar investigation but on a 
larger soale [8], The data he obtained using (a) rubber on ground glass, 
ani (b) rubber on silicon cloth are compared with our data. Hie data, in 
the first approximation, yielded linear results as did ours, and in spite 
of the difference in size of theequipment, the valuea of A and E come out 
in remarkably close agreement. The great difference between values of C 
for Schallamach's data can be explained--the fact that the cloth is rougher 
than the glass would indicate higher normal pressures at the contacting 
peaks and thus higher values of T. High values of Y would increase the gross 
sliding displacement of a single peak, and A would be less for the same T,. 
But why our value of 0 is so much higher is not clear. It could be that 
in grinding the neoprene surface to match the glass more islands may be 
brought into contact. With more islands of contact 7 would be reduced. 
This would be in keeping with the comparative values of 7%/,, 
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From the influence of temperature on the sliding velocity of the 
neoprene film, it is suggested that the friction of rubber is an effect of 
thermal activation of the substance. The thermal activation is influenced 
by a mechanically applied load which serves to determine the direction of 
relative motion so as to relieve the local stressea formed, Furthermore, 
it is suggested that in the contact of neoprene and glass there are two 
distinet strengths of bonds. The weak bonds are influenced primarily 
by the applied load, and the strong bonds are directed by the load but 
influenced mainly by the thermal activation. 


Further work 4s indieated along the lines of extending the extremities 
of the curve of lm V vs Ps» perticularly in the region of high values of 
p end extending the temperature range of the investigation,in particular 
to lower temperatures. It would also be of interest to be able to determine 
the values of ea and G as would apply for the two bond strengths. Some 
investigation is indicated as tc the behavior of neoprene at temperatures 
over 40°C to determine the nature of the change of the material at elevated 
temperatures. The apparatus is so arranged that other materials, such as 
plastics, may be substituted for the glass plate, and films of other rubber- 
like materials substituted for the neoprene, The friction test can he 
carried out in various gaseous atmospheres. This should eventually lead 
to an understanding of the effect on sliding friction of surfece ani 


operating conditions of any materials in contact, 
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EIGURE Vil 


Photograph of Test Apparatus Enclosed in 


Controlled Temperature Box, Ready for 
Operation. 








FIGURE Vill 


Photograph of Test Apparatus in Controlled 
Temperature Boxy Access Panel Removed, 
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FIGURE 1X 


Photograph of Test Block 





FIGURE X 


Photograph of Disks Showing Top Side 
(Left) and Bottom, or Annulus, Side 
Coated with Neoprene. 
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APPENDIX A 


Lefinition of Symbols 


A= Strain energy supplied by thermal vibration 

a = Typical atomic ares (5 x 19726 om”) 

C = Frequency factor, approximately constant 

a = Typical atomic spacing (2.4 x 10~Sem) 

E = Activation energy 

E,: Elastic modulus at zero strees 

F = Applied tangential loed [gms] 

@ = Proportionality constant between stress and strain; anelagous to the 
usual shear modulus 

k = Boltzmann's constant (1,38 x 19716 ergs/°X) 

1 = Initial length of participating portions of molecules 

p = Apparent pressure 

e = Area of islend of contact 

‘> Apparent area of contact 

6, - True area of contact 

+ = Temperature [°c] 

T = Absolute temperature « t + 273.2 [ex] 

V = Stemly velocity of sliding [em/see} 

W = Normal losd | gas] 


P > Coefficient of friction 
T = Losal shear stress 


7o= Shear stress necessary to cause local slip 
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SULMARY OF DATA 


VELOCITY AS A FUNCTION OF TANGENTIAL 
LOAD AND TEMPERATURE 


(Body of Table is velocity in cm/sec x 100) 


= Frick, pagne te Lume (“C) 

















210 | 0.619 10.175 '0.402 jo.608 |!1,3 11.62 
: 0.46 Mlle 
(0047 | < 
ia 4 fl | 
: P } 
{ 
240 | 0.707 : 0.99 | | | 





0.737 10.3 “4 tS 1.13 36 a 
0.4 3a6 
5, 
0.785 5 5025 4.78 4.3 
0,83 5 50th = ted 
1,05 5 6.28 














(Continued) 


Data 


35° 











52 





WN ee 
° e 


Cf 


° 
™ © 


AON 
{ ric wy 
‘ e¢* es @¢ 
, aN 
oe 
j 
lam 
OY uN 
e¢ °® 
Jie 
—— 
}aO5 
won 
f WOO 
e¢ eo @¢ 
uc, C) 
ban 
ral 
| 9 
e@ 
© 
lo 
a. os 
rons 














FIGURE XI 


ASSEMBLED VIEW OF TEST APPARATUS 
(PUBL SALE? 
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FIGURE —XIT 


DETAILS OF DISK AND ORUM 
(Fae L. SSO ASE ) 


DISK 
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